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BIODEGRADABLE POLYMER/PROTEIN BASED COILS FOR 
INTRALUMENAL IMPLANTS 



YUICHI MURAYAMA and FERNANDO VINUELA 
TECHNICAL FIELD 

This invention is in the general field of surgical and endovascular interventional 
instruments and relates specially to intralumenal implants for occlusion of vessels or 
aneurysms. 

BACKGROUND ART 

Occlusion coils are used to occlude a site within a body lumen, such as a blood vessel, 
brain aneurysm, or vascular malformation. The coils are typically placed at a desired site 
within the lumen by means of a microcatheter. The coils are normally made of a 
radiopaque, biocompatible metals such as platinum, gold, or tungsten. In treating brain 
aneurysms the coils occlude the aneurysm by posing a physical barrier to blood flow and 
by promoting thrombus formation. The formation of the neo-endothelium and mature 
intra-aneurysmal thrombus is necessary prior to subsequent organization and scar 
formation that, in turn, yields a permanently occluded aneurysm. 

In the presence of continued exposure of intra-aneurysmal coils to circulating blood, 
metallic coils are insufficiently thrombogenic to promote the establishment of firm and 
mature thrombus within the aneurysm. They do not appear to promote endothelialization 
across the wide neck of an aneurysm. Therefore, it is essential to perform tight packing 
of the aneurysm with coils for complete cure of the aneurysms. This may cause mass 
effect on adjacent the brain parenchyma or cranial nerves. 

To accelerate wound healing in the aneurysm (i.e., promotion of scar formation) and to 
decrease mass effect of the aneurysm, "biologically active" bioabsorbable embolic 
material may be useful. Bioabsorbable polymers, such as polyglycolic acid and 
polyglycolic/poly-L-lactic acid copolymers, or bioabsorbable proteins, such as collagen 
and gelatins, have been used to make intralumenal implants. These bioabsorbable 
polymers or proteins are also used to provide a the drug delivery vehicle (such as for 
continuous local delivery of growth factors). 

DISCLOSURE OF THE INVENTION 

In the present invention a biodegradable polymer (or protein) coils are used to control 
thrombosis or accelerate wound healing of the brain aneurysms for which platinum coils 
sometimes have proven unsatisfactory. 
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Another aspect of the invention is a method of drug delivery system using biodegradable 
polymer (or proteins) in the combination with growth factors such as vascular 
endothelial growth factor (VEGF) or basic fibroblast growth factor (bFGF) which 
promote long lasting effect of the wound healing 

These biodegradable coils are useful for treating giant brain aneurysms to prevent mass 
effect on the brain parenchyma or cranial nerves by shrinkage of scaring aneurysm. 

MODES FOR CARRYING OUT THE INVENTION 

The implants of the invention may be placed within body lumens, e.g., blood vessels, 
Fallopian tubes, etc., of any mammalian species, including humans. The implant coils are 
made of biocompatible and absorbable polymers or proteins. Examples of bioabsorbable 
polymers that have been used to make intralumenal implants are polyglycolic acid, 
poly-gycolic/poly-L-lactic acid copolymers, polycaprolactive, polyhydroxybutyrate 
/hydroxyvalerate copolymers, poly-L-lactide, polydioxanone, polycarbonates, and 
poly anhydrides. Examples of bioabsorbable proteins that have been used to make 
intralumenal implants are collagen, fibrinogen, fibronectin, vitronectin, laminin and 
gelatin. To achieve radiopacity, the bioabsorbable polymer coils may be coated with 
radiopaque materials such as tantalum or platinum. The bioabsorbable polymer or protein 
itself may be coated onto coils or wires of metals such as platinum or nitonol. 

Preferred growth factors for use in the invention are the naturally occurring mammalian 
angiogenic growth such as vascular endothelial growth factors or basic fibroblast growth 
factors; mixtures of such growth factors may also be used if desired. 

The biodegradable polymer coils of this invention can be placed within vessels using 
procedures well known in the art. Generally, the desired site within the vessel is 
accessed with a catheter. For small diameter torturous vessels the catheter may be 
guided to site through the use of guide wires. Once the site has been reached the catheter 
lumen is cleared by removing guide wire. In the case of polymer occlusion coils, the 
coils are loaded by means of a pusher wire. The coils may be attached to the distal end 
of the pusher via a cleavable joint (e.g., a joint that is severable by heat, electrolysis, or 
other means) or a mechanical joint that permits the coil to be detached from the distal 
end of the pusher wire. Alternatively, the coils may be detached from the pusher wire, 
simply pushed through the catheter and expelled from the distal end of the catheter. 

Details of specific embodiments and experimental results supporting the invention are 
provided in the following publications which are attached hereto and form a portion of 
this disclosure: 

1) A new surface modification technique of platinum coils by ion implantation 
and protein coating: Use in intravascular treatment of brain aneurysms, Y. 
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Murayama et al., Nuclear Instruments and Methods in Physics Research B 
127/128: 1015-18 (1997). 

2) Cell Adhesion Control on GDC Surface by Ion Implantation: In Vitro and In 
Vivo Evaluation, Y. Murayama et al., Interventional Neuroradiology 3 (Suppl 1) 
75-6 (abstract 72) (1997). 

3) Ion Implantation and Protein Coating of Detachable Coils for Endo vascular 
Treatment of Cerebral Aneurysms: Concepts and Preliminary Results in Swine 
Models, Y. Murayama et al., Neurosurgery 40(6): 1233-44 (1997). 
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Nuclear instruments and Methods in Physics Research B 127/128(1997)1015-1018 



Ion implantation and protein-coatings were utilized to alter the surface properties (thrombogemcity, endothelial cellular 
isration and adhesion) of microcoils (GDCs) for intravascular treatment of brain aneurysms. These modified coils were 
>rnpared with standard GDCs in the treatment of experimental swine aneurysms. Improved cellular adhesion and 
oliferation was observed with use of the modified coils. The results of this preliminary investigation indicate that future 
plication of this technology may provide early wound healing at the necks of embolized wide-necked brain aneurysms. 



Introduction 

Brain aneurysms are the commonest cause of non- 
iumatic subarachnoid hemorrhage (SAH) which is a 
gnificant life-threatening disease in adults. Annually in 
orth America, the rupture of saccular aneurysms accounts 
r 25000 new cases of SAH. Microsurgical clipping of an 
leurysm has been considered the gold standard for the 
•atment of this disease. Recently, intravascular treatment 
aneurysms has become an accepted alternative tech- 
que. With the availability of microcatheters capable of 
cessing the intracranial circulation it has become possi- 
t to obliterate an aneurysm by filling it with soft plat- 
urn detachable coils (Gugiielmi Detachable Coils; GDC) 
.21 Use of the GDC system allows controlled delivery 
d detachment of platinum coils within an aneurysm. 
Dwever. the anatomical results of obliteration of either 
ide-necked (neck size > 4 mm) or giant aneurysms using 
DCs are generally unsatisfactory [3 t 4]. The reasons for 
ese incomplete anatomical results in wide-necked lesions 
elude aneurysmal recanalization and the potential for 
stal migration of detached coils. Early intravascular re- 
dothelialization at the necks of aneurysms and the accel- 
ation of " wound healing" in the aneurysmal sac and 
>me are potential solutions that may help achieve suc- 
ssful permanent cure of these types of aneurysms. Some 



* Corresponding author. Fax: + 1-310-206-5958 



investigators have applied simple protein coatings on GDCs 
to enhance their thrombogenicity and wound healing prop- 
erties [5J. However, intravascular embolization techniques 
generally make use of small-diametered microcatheters for 
delivery of these coils. Simple protein coating, therefore, 
results in the problem of increasing the diameter of these 
coils which, in turn, causes them to suck within the lumen 
of a microcatheter during coil delivery. We utilized ion 
implantation technology in combination with extracellular 
matrix protein coatings to alter the surface properties of 
GDCs without increasing the diameter of the coils. It was 
hypothesized that use of these modified coils may be 
useful in achieving a complete obliteration of aneurysms 
possessing wide necks by acceleration of re -endothelial iza- 
tion and " wound healing". The purpose of this prelimi- 
nary study was to investigate the potential effectiveness of 
modified ion-implanted protein-coated GDCs in intravas- 
cular treatment of experimental wide-necked aneurysms in 
swine. 



2. Experimental 

2.7. Ion implantation process 

GDCs of sizes 8 x 40, 8 X 20, 6 X 20, 5X 15 (coil 
diameter (mm] X length [cmD were coated with either fib- 
rinogen (human fibrinogen, 20 mg/ml; Midorijuji, Osaka, 
Japan), or vitronectin (bovine plasma vitronectin, 0.1 
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{[UJ J ) Ion implanted GDC 
^ (Vitronectin coated) 



Standard GDC 



Fig. I. Macroscopic appearance of a standard GDC and an 
ion- implanted protein -coated CDC. Note no increasing the diame- 
ter of protein coated-ion implanted coils (same diameter micro- 
catheters were used). 



mg/ml: KOKEN, Tokyo. Japan). The coating method 
entailed simply dipping the coil into the protein solutions. 
These coils underwent Ne * implantation with a fluence of 
I x 10 15 ions/cm 2 at an energy of 150 keV (Fig. 1). The 
prototype target chamber was developed to achieve uni- 
form implantation for GDCs. The beam current density 
used was lower than 0.5 u.A/cm 2 to prevent an increase 
of the specimen temperature. 

2.2. Assessment of GDCs in experimental aneurysms 

2.2. L Aneurysm construction 

Six Red Duroc swine were used in experimental stud- 
ies. Under general anesthesia, twelve experimental 
aneurysms were constructed microsurgically in bilateral 
common carotid arteries of six swine (Fig. 2). The right 
external jugular vein was isolated and divided into two 
segments to make two aneurysms. The right common 
carotid artery was exposed and a seven mm length arteri- 
otomy was performed. A venoarterial end-to-side anasto- 
mosis was made using 7-0 prolene. The second aneurysm 




was constructed on the left common carotid artery. The 
aneurysms were almost all of equal size, ranging from 8 
mm to 10 mm. 

2.22. Aneurysm embolization 

All endovascular treatments were undertaken in 
aneurysms immediately after their construction. Bilateral 




Fig. 2. Macroscopic appearance of surgically created experimental 
aneurysm in swine. Straight arrows: common carotid artery. 
Curved arrow: fabricated experimental aneurysm. 



Fig. 3. Before embolization: Angiograms of the experimental 
aneurysms created on the common carotid arteries (a). Straight 
arrows: common carotid artery. Curved arrow: experimental 
aneurysm. After embolization: Angiograms of occluded aneurysms 
using ion-implanted GDCs (b). Arrows: packed aneurysm with 
platinum coils. 
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aeurvsms were emboiized in each animal, and the relative 
.ifferences in wound healing between treatments using 

^n-implanted and standard GDCs were evaluated. 

Via transfemoral route, a selective common carotid 

rteriogram was performed (Fig. 3a). A bolus 3000 U of 
leoarin was injected to prevent thrombosis during the 
Tocedure. Next, a 2.I-F microcatheter was advanced 

oaxialty through the guiding catheter and the tip of the 
nicrocatheter was positioned into the center of the 
ineurysm sac. The aneurysms were emboiized with stan- 
lard GDCs on one side and with protein-coated ion-im- 
Manted GDCs on the contralateral side (Fig. 3b). 

Diagnostic angiography was performed and the animals 

vere sacrificed at day 14 after coil placement. The 
ineurysmal orifice (as viewed from within the artery lu- 
nen) was observed macroscopically. The largest dimen- 

.on of the orifice (OF) and the thick white fibrous mem- 

,ane (FM) which covered the orifice were measured as 

ne FM to OF ratio (and recorded as the FM/OF X 100%). 

n *» 6 for standard group; n - 6 for ion-implanted pro- 
:ein-coated group [n — 4 with vitronectin, n — 2 with fib- 
rinogen) (n is the number of the sample). In this study, 
particular attention was paid to the promotion of fibrous 
membrane coverage over the aneurysm orifice as a mea- 
sure of wound healing acceleration. Statistical analysis of 
the FM to OF ratio was performed using a student /-test 

paired 2-tail). Results were considered significant at P < 
.05 and reported as the mean ± SD. 

3. Results and discussion 

.'./. Macroscopic and microscopic findings 

On specimens examined 14 d after embolization, greater 
- -endothelialization and wound healing at the neck of the 
aneurysm were observed macroscopically with ion-im- 
planted GDC. Whereas only a thin layer covered the 
standard GDC surfaces (Fig. 4a, 4b). The mean FM to OF 
ratio was 69.3 ± 9.7% for the ion-implanted GDC group 
.,id 40.8 ± 17.7% for the standard GDC group (P- .0085; 
~g. 5). 

3.2. Intravascular aneurysm treatment 

The development of intravascular embolization tech- 
niques has provided a new alternative for the treatment of 
brain aneurysms. The development of Guglielmi detach- 
able coils has contributed especially to improvements in 
clinical outcome and to reduced complications. This tech- 
nique is based on the theory of intra-aneurysmai elec- 
trothrombus formation to prevent rupture of the aneurysm. 
However, complete occlusion is achieved in 85% of 
mall-necked aneurysms (neck < 4 mm), and 15% of 
wide -necked aneurysms (neck size £ 4 mm) [4]. Further- 
more, some recent clinical stupes have shown recanaliza- 



(a) 




Fig. 4. Macrographic appearances of aneurysm orifices 14 days 
after treatment using: standard GDCs (a), fibrinogen-coated ion- 
implanted GDCs (b). 



tion of aneurysms that were supposedly satisfactorily 
treated. One of the reasons for these incomplete anatomical 
results is coil compaction due to effects of blood flow 
dynamics. To prevent recanalization, intimal scar forma- 
tion across the neck of the aneurysm is essential. However, 
Mizoi et ah [6] and Molyneux et al. [7] have recently 
reported autopsy and surgical studies of patients treated by 
GDCs. The histological studies of the emboiized aneurysms 
showed that the orifices of the aneurysms were not en- 
dothelialized and the aneurysm sacs were filled with unor- 
ganized thrombus. These results suggest that acceleration 
of wound healing and re-endotheliaiization are necessary 
prerequisites for complete cure of brain aneurysms when 
treated by endovascular means. 

3.3. Ion implantation for platinum coils 

Protein coating of platinum coils seems to be effective 
in enhancing throm oogenic ity and wound healing [5]. 
However, simple protein coating results in the problem of 
increasing the diameter of these coils. Furthermore, weakly 
coated proteins may wash off by the high flow of arterial 
blood and may be a potential source of distal thromboem- 
boli. Thus, strong fixation of the proteins onto the plat- 
inum surface and minimal increase in the diameter of the 
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Fig. 5. Statistical analysis of FM to OF ratio for treated aneurysms 
at day 14. Standard GDC group: 40.8 ±17.7%, ion-implanted 
GDC group: 69.3 ± 9.7% ( p » 0.0085, paired 2-tail). 



treated platinum coils are necessary to address these limita- 
tions. Ion implantation is an effective method to immobi- 
lize proteins onto a platinum surface, without increasing 
their diameter significantly. 

Suzuki et ai. [8-10] recently applied ion implantation 
technology to alter the properties of protein-coated poly- 



mer surfaces in order to achieve blood biocompaubility. 
The ideal combination of ion species and proteins, and the 
optimal intensity of ions and energy are still under investi- 
gation. In the present study, we demonstrated acceleration 
of wound healing at the necks of experimental aneurysms 
which were treated by ton-implanted protein-coated GDCs. 
However, development of a uniform ion implantation sys- 
tem is necessary for ciinicai application of this novel 
technique. Further utilization of ion implantation may open 
up new possibilities of achieving biocompatible materials 
in the medical field. 
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ninety five patients with metastatic lesions to the 
spinal column, with good devasculanzatton in the 
preoperative group and good palliation of pain in 
nearly all patients. 

Conclusion: Endo^ascular therapy is a safe and ef- 
fective method of treating metastatic spinal column 
tumors. In patients with no hope of cure for their tu- 
mors, palliation of svmptoms can be achieved with 
minimal risk b> using cytotoxic agents such as 
EtOH, and,or NBCA. and the vascular pedicles can 
be preserved, allowing for future therapy following 
the inevitable progression of the disease. Addition- 
ally, presurgical embolization with PVA. or other 
particles soaked in EtOH reduces operative blood 
loss and provides a bloodless field, which facilitates 
tumor removal allowing more aggressive surgicai op- 
tions. The use of both motor and sensory evoked po- 
tentials combined with preembolization provocative 
testing with lidocaine and/or sodium amytal further 
reduces the risks associated with these procedures, 
making embolization both a safe and effective ad- 
junctive therapy in the treatment of metastatic le- 
sions to the spinal column. 

Key words: spine, tumor 
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Combined Pre-operative Trans-arterial and 
Trans-venous Embolization of Jugular Fossa 
Paragangliomas 

Jacobs J.M.. Sheiton C. Thompson B.G. 
University of Utah Health Sciences Center: 
Salt Lake City. L'T 

Purpose: The purpose of this presentation is to il- 
lustrate the technical aspects and benefits of com- 
bined trans-artrial and trans-venous embolization of 
jugular, skull base paragangliomas prior to surgical 
resection. 

Methods: We will present five cases in which the 
combined trans-arterial and trans-venous approach 
was used in the pre-operative embolization of 
jugular, skull base paragangliomas. In each instance 
the femoral arterial route was used to perform an- 
giography to evaluate the arterial supply and venous 
drainage of the tumor and adjacent structures. Trans- 
arterial embolization was performed of the as- 
cending pharyngeal artery and/or the occipital artery 
in the customary fashion using polyvinyl alcohol par- 
ticles suspended in contrast material. Then, trans-ve- 
nous embolization was performed by placing a guide 
catheter into the contra-lateral jugular bulb from the 
femoral route. A micro-catheter was then advanced 
retrograde through the contra-lateral inferior pet- 
rosal sinus, across the mid-line into the ipsilateral in- 
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ferior petrosal sinus. The micro-catheter was then 
positioned into the distal ipsilateral inferior petrosal 
sinus where coil embolization was performed. The 
venous guide catheter and micro-catheter wore then 
positioned into the ipsilateral condvlar vemis) where 
coil embolization was also performed. Surgical re- 
section was then performed by the Neurosurgery 
and Neuro-otology team via a trans-petrosal ap- 
proached with extra-dural or extra-dural/intra-dural 
exposure depending on the extent of the tumor. 

Results: We will discuss the technical aspects of 
both the embolization and resection of these tumors 
and describe the benefits of the combined intraarte- 
rial and intra-venous embolizations. 

Key words: percutaneous techniques, tumor 
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Cell Adhesion Control on GDC Surface 
by Ion Implantation: In Vitro and In Vivo 
Evaluation 

Murayama Y. Vinuela E. Suzuki F. 
Ulhoa A.. Akiba Y.. Guglielmi G.. Iwaki M.. 
Kaibara M.. Abe T. 
UCLA: Los Angeles. CA 

Purpose: To evaluate the value of ion implanta- 
tion technology when applied to GDC treatment of 
aneurysm by: 1) In vitro evaluation of the effects of 
ion implantation and protein coating to promote en- 
dothelial migration and adhesion in endothelial cell 
cultures on non-cell adhesive polymers (segmental 
polyurethane; SPU) or platinum plates. 2) In vivo 
treatment of surgically created wide-necked 
aneurysms in swine with angiographic and 
histopathological follow-ups. Special attention was 
paid to coil compaction, aneurysm remnant forma- 
tion, and histology in the neck interfqace after use of j 
modified GDCsf \ 

Methods: I) In Vitro Study: The surface of SPU or 
platinum dishes were divided into four areas to be 
subjected to four different conditions Area i: ion im- j 
plantation without protein coating. Area 2: protein ! 
coating without ion implantation. Area 3: protein 
coating with ion implantation and Area 4 was defined 
as the remaining bare SPU/or platinum surface as 
control Areas 2 and 3 were coated with type I col- 
lagen or fibrinogen. He+. or Ne+ implantation were 
performed on area L and Area 3 with fluences of 1 x 
1014 or 1 x 1015 at an energy of 150 ke V at room tem- 
perature. Bovine endothelial cells (2-2.5 x 104 cells in | 
1 ml) were suspended in medium supplemented with 
10% FBS on the SPU or platinum plates. During in- 
cubation periods of 2 to 7 days, the extent of cellular 
adhesion and migration were determined with a 
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phase contrasi microscope and scanning electron mi- 
croscope (SEM). Five da\s after cell seeding, the re- 
sistance to detachment ot cells was e\a!ated bv trvpsin 
treatment. The cell detachment from SPL' platinum 
^urtace was microscopically counted. 

2) Chronic Experimental Aneurysm Study: GDCs 
were coated with either type I collagen, tibronectin. 
vitronectin, laminin or fibrinogen. Ion implantation 
was then performed on these protein-coated GDCs. 
Fourty experimental aneurysms were constructed 
microsurgical in bilateral common carotid arteries 
of \9 swine. The aneunsms were embolized with 
standard GDCs or with ion-implanted protein- 
coated GDCs. The animals were sacrificed at day 14 
after coil placement. The aneurysmal orifice w as ob- 
served macroscopically and histopathological study- 
was performed. 

Results: In vitro study showed that endothelial 
cell adhesion/proliferation was accereiated by ion 
implantation. Five days after cell seeding, both 
simple collagen coated surface and collagen coated 
ion implanted surface showed endothelial adhesion 
and proliferation. Following Trypsin treatment, the 
cells did not detached from the ion implanted col- 
lagen coated surface. To the contraly. the cells were 
detached from the non-ion implanted collagen 
coated surface. It was confirmed that the strength of 
cell attachment was modified by ion implantation. 
On specimens examined 14 days post-embolization. 
greater fibrous tissue coverage at the neck of the 
aneurysm were observed. Light microscopy showed 
that well organized fibrous tissue bridged the 
aneurysmal neck when using ion implanted GDCs. 
whereas only a fibrin-like thin layer covered the 
standard GDC surfaces. 

Conclusion: These in vitro and in vivo study indi- 
cate that ion imlantation combined with protein 
coating of GDCs improved cellular adhesion/prolif- 
eration. This technology may provide improvement 
of longterm anatomical and clinical outcome of cere- 
bral aneurysms. 

Key Words: devices, embolic materials, aneurysm, 
experimental 
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Development of Platinum Microcoils 
Containing Biochemically Active 
Macromolecules (VEGF) 

Tsuura M.TeradaT.. Uematsu Y.. Yokote H.. 
Nakai K.. Itakura T., Ogawa A.* 

Dept. of Neurological Surgery, Wakavama Medical College; 
Wakayama, Japan 

" Kanaka Medix Corporation: Kanagawa, Japan 

Purpose: Polyvinyl alcohol (PVA) has been used 
as an implantable carrier for sustained delivery of 



macromolecules in animal tissues. To release pro- 
teins or macromolecules continuously around plat- 
inum coils for endovascular treatment, we have de- 
n doped new platinum coils with a polyvinyl alcohol 
i PV A ) core w hich can contain v ;inous biochemically 
active substances. 

Methods: New platinum coils have central cores 
made from a mixture of casting solution of PVA and 
biochemically active macromolecules. This PVA core 
is expected to release the macromolecules around 
the platinum coil. Platinum coils with a central core 
made from ( 1 ) PVA only and (2) PVA and vascular 
endothelial growth factor (VEGF). were placed on 
cultured human aortic endothelial cells. Surface of 
platinum coils cocultured with endothelial cells was 
observed under phase-contrast microscope. 

Results: Cultured endothelial cells began to cover 
the surface of VEGF-containing platinum coils after 
4 days and covered the entire" coil surface 7 days 
after placement. VEGF-containing coils tend to be 
covered by cultured human aortic endothelial cells 
earlier than platinum coils without VEGF. 

Conclusion: VEGF-containing coils seem to en- 
hance early and rapid covering of endothelial cells 
after coil placement. Our platinum coils with a core 
of PVA for sustained release of proteins or macro- 
molecules may be useful for embolization of cere- 
bral aneurysms. 
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Immediately Electrically Detachable Coil 
(IEDC) for Aneurysm Treatment 

Murao K..Taki W„ Sadato A.. Nakahara I., 
Sakai N.. Waga S.* 

Department of Neurosurgery, Kyoto University School of 
Medicine, * Department of Neurosurgery, Mie University 
School of Medicine; Tsu. Mie Japan 

Purpose: We developed endovascular coils that 
are instantly detached by high-frequency electrical 
current, and have obtained good results with IEDC 
in animal experiments. On the basis of the results, we 
applied these devices to clinical cases. 

Methods: IEDC has a polyvinyl alcohol (PVA) 
rod at the junction of a soft circular platinum coil 
and the delivery guidewire. The diameter of the 
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Ion Implantation and Protein Coating of Detachable Coils for 
Endovascular Treatment of Cerebral Aneurysms: Concepts and 
Preliminary Results in Swine Models 

Yuichi Murayama, M.D., Fernando Vinuela, M.D., 

Yoshiaki Suzuki, Ph.D., Huy M. Do, M.D., 
Tarik F. Massoud, M.D., Guido Guglielmi, M.D., 

Cheng Ji, M.D., Masaya Iwaki, Ph.D., 
Masahiro Kusakabe, Ph.D., Masami Kamio, M.D., 
Toshiaki Abe, M.D. 

Endovascular Therapy Service and Leo G. Rigler Radiological Research Center 
(YM, FV, HMD, TFM. GG. CI), University ot California, Los Angeles, Medical Center, 
Los Angeles, California; The Institute of Physical and Chemical Research (RIKEN) 

(YS, Ml), Saitama, japan; Department of Neurosurgery (YM, MKa, TA), 
The Jikei University School of Medicine, Tokyo, lapan; and Corporate Research 
Laboratory (MKu), SONY Corporation, Tokyo, japan 



OBJECTIVE: Complete anatomic obliteration remains difficult to achieve with endovascular treatment of wide-necked 
aneurysms using Guglielmi detachable platinum coils (GDCs). Ion implantation is a physicochemical surface modifi- 
cation process resulting from the impingement of a high-energy ion beam. Ion implantation and protein coating were 
used to alter the surface properties (thrombogenicity, endothelial cellular migration, and adhesion) of GDCs. These 
modified coils were compared with standard GDCs in the treatment of experimental swine aneurysms. 

METHODS: In an initial study, straight platinum coils were used to compare the acute thrombogenicity of standard 
and modified coils. Modified coils were coated with albumin, fibronectin, or collagen and underwent Ne + ion 
implantation at a dose of 1 x 10 15 ions/cm 2 and an energy of 1 50 keV. Coils were placed in common iliac arteries 
of 1 7 swine for 1 hour, to evaluate their acute interactions with circulating blood. In a second study, GDCs were 
used to treat 34 aneurysms in an additional 17 swine. GDCs were coated with fibronectin, albumin, collagen, 
laminin, fibrinogen, or vitronectin and then implanted with ions as described above. Bilateral experimental swine 
aneurysms were embolized with standard GDCs on one side and with ion-implanted, protein-coated GDCs on the 
other side. The necks of aneurysms were evaluated macroscopically at autopsy, by using post-treatment Day 1 4 
specimens. The dimensions of the orifice and the white fibrous membrane that covered the orifice were measured 
as the fibrous membrane to orifice proportion. Histopathological evaluation of the neck region was performed by 
light microscopy and scanning electron microscopy. 

RESULTS: Fibronectin-coated, ion-implanted coils showed the greatest acute thrombogenicity (average thrombus 
weight for standard coils, 1.9 ± 1.5 mg; weight for fibronectin-coated coils, 8.6 ± 6.2 mg; P < 0.0001). By using 
scanning electron microscopy, an intensive blood cellular response was observed on ion-implanted coil surfaces, 
whereas this was rare with standard coils. At Day 1 4, greater fibrous coverage of the necks of aneurysms was 
observed in the ton-implanted coil group (mean fibrous membrane to orifice proportion of 69.8 ± 6.2% for the 
ion-implanted coil group, compared with 46.8 ± 15.9% for the standard coil group; P = 0.0143). 

CONCLUSION: The results of this preliminary experimental study indicate that ion implantation combined with protein 
coating of GDCs improved cellular adhesion and proliferation. Future application of this technology may provide early 
wound healing at the necks of embolized, wide-necked, cerebral aneurysms. {Neurosurgery 40:1 233-1 244, 1 997) 

Key words: Animal models. Cell adhesion, Cerebral aneurysm. Embolization. Endothelium, Endovascular therapy 
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Early experience with experimental and clinical use of 
Gus*lielmi detachable coils (GDCs) (Target Therapeutics. 
Fremont, CA> points to their effectiveness in the endo- 
va<cular occlusion of small-necked intracranial saccular aneu- 
rvsms i However, the anatomic results ot obliteration 

uf either wide-necked or giant aneurysms by using GDCs are 
It-s^ ^ltisractorv <!4. 44). The rea>ons for these incomplete 
anatomic results with wide-necked legions include coil com- 
paction and the potential tor distal migration. Early intravas- 
cular re-endothehali/ation at the necks of aneurysms and the 
acceleration of "wound healing" in the aneurysmal sac and 
dome are potential solutions that may help achieve successful 
permanent cures for this type of aneurysm. 

Ion implantation is a physicochernical surface modification 
process resulting trom the impingement of a high-energy ion 
beam (18). When ion implantation is performed, the chemical 
characteristics of the surface of a material are changed. There- 
fore, alteration and manipulation of the thrombogenicity and 
control of the cell-adhesive properties of a material surface 
might be possible and might be used to one's advantage. 
Recently, this technology has been applied to the surface 
modification of polymers, to improve their blood compatibil- 
ity (37). ion implantation also increases endothelial cell mi- 
gration and proliferation on the modified surface (37, 38). 
Recently, the use of extracellular matrix proteins such as 
collagen or fibronectin has been attempted as a therapeutic 
adjunct for promotion of wound healing (5, 31, 32). If ion 
implantation is performed on a protein-coated platinum sur- 
face ("ion bombardment"), the coated protein becomes em- 
bedded in the platinum, resulting in a minimal increase in coil 
diameter and a "mixing" of the protein into the platinum 
surface. This process may create significant changes in the 
physicochernical structure of the modified surface of the coils. 

ft was hypothesized that use of ion-implanted, protein- 
coated GDCs might be useful for achieving complete obliter- 
ation of aneurysms possessing wide necks, by acceleration of 
re-endothelialization and wound healing. The purpose of this 
preliminary feasibility study was to investigate the potential 
effectiveness of these modified GDCs in endovascular treat- 
ment of experimental wide-necked aneurysms in swine. 

MATERIALS AND METHODS 

The overall design of this research focused on two studies, 
i.e., an acute thrombogeruaty study in swine arteries, to compare 
standard and modified straight platinum coils, and a chronic 
experimental aneurysm treatment study with standard and 
modified GDCs, to evaluate their effects on aneurysm healing. 

Ion implantation process 

Figure 1 schematically shows an ion implantation system 
that is used for modification of platinum coil surfaces. The 
processes are typically performed at low temperature under 
high vacuum. The equipment consists of sections for extrac- 
tion of ions from the ion source, acceleration of the ions to 
high energies, mass analysis of ions to select specific ion 
species, ion-beam raster scanning, beam shaping for distribu- 




F1GURE 1. Schematic diagram of the ion implantation sys- 
tem (R1KEN 200 kV Ion Impianter) used for modification of 
platinum coil surfaces. 



tion of the energy of the ion beam over large surface areas by 
electrostatic lens elements, and fixtunng in the processing 
vacuum chamber for manipulation of coils in front of the 
beam for uniform coverage. Figure 2 schematically demon- 
strates the ion implantation process applied to a protein- 
coated platinum surface. After ion implantation, the surface 




FIGURE 2. Schematic diagram of ion implantation on a pro- 
tein-coated platinum surface and the resultant changes in 
surface properties. A, before ion implantation. B, after ion 
implantation. Note that the surface protein is impinged 
strongly by the ion beam, resulting in embedding within the 
platinum surface and alterations of the protein properties. 
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protein is impinged bv the ton beam, resulting in embedding 
within the platinum surface and altered protein properties. 

Assessment of acute thrombogenicity 

Ail animal experimentation was conducted in accordance 
with poiia»> -ct bv the University of California. Los Angeles, 
Chancellor - -Xninui Research Committee and National Insti- 
tutes or Health guidelines. Seventeen Red Duroc swine were 
used in this short-term study. The animals were 3 to 4 months 
old. weighed 10 to 40 kg, were of both genders, and were 
maintained on a standard laboratory diet. After an overnight 
fast, each animal was premedicated with intramuscular 
administration ot 20 mg/ kg ketamine and 2 mg/kg xyla- 
zine. General anesthesia was maintained with mechanical 
ventilation and inhalation of 0.5 to 13% haiothane after 
endotracheal intubation. 

The interactions of coils and blood were studied to assess 
the differences in basic surface properties between standard 
platinum coils and modified coils (i.e., protein-coated and 
ion-implanted). Separate straight platinum coils (0.015-inches 
thick; Target Therapeutics) were each coated with either fi- 
bronectm (human plasma fibronectin, 0.5 mg/ml; KOKEN, 
Tokyo, Japan), tvpe I collagen (bovine dermis collagen, 0.3%; 
KOKEN), or nonthrombogenic albumin (human serum albu- 
min, 50 mg/ml; Midorijuji, Osaka, Japan). The coating 
method entailed simply dipping the coils into the protein 
solutions and drying them for up to 2 hours. These straight 
coils underwent \'e~ implantation at a dose of 1 x 10 15 
ions/ cm 2 and an energy of 150 keV. Straight noncoated and 
non-ion-implanted platinum coils ("standard coils") were 
used as controls. Figure 3 shows the scanning electron micro- 
scopic surface appearances of a standard coil and a modified 
coil. After protein coating and ion implantation, the coil thick- 
ness was minimally affected. The coils (34 in total; 7 for each 
of the albumin-coated, fibronectin-coated, and collagen- 
coated groups and 13 standard coils) were cut so that they 
were equal in length and weight (length, 22.5 mm; weight, 
26.3 r 0.731 mg; mean a standard deviation). Thirty-four 
common iliac arteries of 17 swine were used in this short-term 
study. Under general anesthesia, a 6-French angiographic 
sheath was placed in the each femoral artery. By this trans- 
femoral route, a guiding sheath (Target Therapeutics) nor- 
mally used for advancing GDCs was navigated coaxially and 
its tip was positioned in the common iliac artery distal to the 
iliac bifurcation. The end of each coil was tied with 7-0 pro- 
lene, introduced into the common iliac artery by advancement 
with a coil pusher (Target Therapeutics), and left in place for 
1 hour. After 1 hour, each coil and guiding sheath were carefully 
withdrawn together into the angiographic sheath, under fluo- 
roscopy, and pulled out with the angiographic sheath. These 
specimens were immediately immersed in saline, fixed with 
2.0% glutaraldehyde, and weighed. These specimens were then 
dehydrated in graded ethanol, coated with gold, and observed at 
magnifications of x200 to x2000, in a scanning electron micro- 
scope at an accelerating voltage of 15 kV. Statistical analysis of 
the weights of thrombus was performed by using the analysis of 




FIGURE 3. Scanning electron-microscopic appearances 
(original magnification, x200) of the surface of a standard 
coil (A) and a coil that was only protein-coated on one half 
(thick white arrows) and was protein-coated and ion- 
implanted on one half (thick black arrows) (B). Note 
that the thickness of protein coating is ==30 um 
(between curved arrows); this diminishes after ion 
implantation (see Discussion). 

variance method. Results were considered significant at P < 0.05 
and are reported as the mean - standard deviation. 

Assessment of GDCs in experimental aneurysms 

Coil preparation 

GDCs of sizes 8 x 40, 8 x 20, 6 x 20, and 5 x 15 (coil 
diameter ImmJ x length [cm]) of GDC-18 thickness (i.e., 0.015 
inches) and size 4 x 10 of GDC-10 thickness (i.e., 0.010 inches) 
were coated with either fibronectin, type I collagen, vitronec- 
tin (bovine plasma vitronectin, 0.1 mg/ml; KOKEN), laminin 
(mouse laminin, 1.0 mg/ml; KOKEN), fibrinogen (human 
fibrinogen, 20 mg/ml; Midorijuji, Osaka, Japan), or albumin. 
Ion implantation was then performed with these protein- 
coated GDCs. The electrical resistance of five standard GDCs, 
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rive ion-implanted GDCs, and rue ion-implanted and al- 
bumin-coated GDCs were examined by using a standard 
ohmmeter. 

\nour\ c nnstrut tion 

Preoperative preparation or the animals was as described 
above, rhirtv-tour experimental aneurysms were constructed 
microsurgical! v in bilateral common carotid arteries of an 
additional 17 iu?ne. The neck or each animal was shaved, 
scrubbed with betadme solution, and then stenlely draped. 
Under sterile conditions, a llkm incision was made in the 
midline of the neck. Self- retractors were used to facilitate 
exposure. Bv reflecting the right sternocleidomastoid muscle 
medially, a 4-cm segment of the right external jugular vein 
was isolated at both ends with a ligature and then divided to 
form an open-ended vein segment, to be used as the venous 
graft. This vein was divided into two equal segments to make 
two aneurysms of equal size. Next, by using a surgical micro- 
scope, a 3-cm segment of the right common carotid artery was 
exposed and cleaned of adventitia. Two small vascular clamps 
were then placed at each end of the isolated common carotid 
arterv segment to achieve temporary vessel occlusion. A 
7-mm-long arteriotomy was carefully performed and a veno- 
arterial end-to-side anastomosis was made by using 7-0 pro- 
lene. This resulted in a uniform neck size (7 mm) for all 
constructed aneurysms. The second aneurysm was con- 
structed on the left common carotid artery. The aneurysm sacs 
were almost all of equal size, ranging from 8 to 10 mm (mean, 
9.0 r 0.7 mm) {Fig. 4A). During the procedure, the swine 
received 0.9 to 1.2 x 10 h units of penicillin G intramuscularly. 

Aneurysm embolization 

All endovascular treatments were undertaken in aneu- 
rysms immediately after their construction. Aneurysms main- 
tained chronically (to assess their natural thrombosis or 
growth rate) before the embolization procedures were not 
used in this preliminary study. Instead, bilateral aneurysms 
were embolized in each animal, and the relative differences in 
wound healing between treatments using ion-implanted and 
standard GDCs were evaluated. It was thought that any un- 
derlying spontaneous growth /thrombosis would be similar 
in bilateral aneurysms and would have the same effects with 
both treatments. 

A 6-French angiographic sheath was placed in the right 
femoral artery after standard Seldinger puncture and cathe- 
terization. By this transfemoral route, a selective common 
carotid arteriogram was obtained by using a 6-French Fas- 
guide catheter (Target Therapeutics), and the aneurysm was 
outlined in multiple projections. A bolus of 3000 units of 
heparin was injected to prevent thrombosis during the pro- 
cedure. Next, a Tracker 18 microcatheter and Seeker 14 mi- 
croguidewire combination (Target Therapeutics) was ad- 
vanced coaxially through the guiding catheter, and the tip of 
the microcatheter was positioned in the center of the aneu- 
rysm sac. The aneurysms were embolized with standard 
GDCs on one side and ion-implanted, protein-coated GDCs 
on the contralateral side (Fig. 4B). Packing with coils was the 
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goal of treatment for each aneurysm, to reduce the occurrence 
of persistent unobliterated portions of aneurysms and the 
effects of consequent hemodynamic inequalities that might 
affect the migration of endothelial cells across the aneurysm 
neck. To assume equal packing of different aneurysms with 
coils, the relative volume of metallic coils in relation to the 
volume of the aneurysms being embolized was calculated as 
follows: total length of the coils used in each aneurysm x (coil 
radius) 2 x n/ volume of aneurysm x 100%. All aneurysms 
were assumed to be spherical for the purpose of this calcula- 
tion. There was no statistically significant difference (P = 
0.3542, paired two- tailed r test) between the ion-implanted 
GDC group (17.4 ± 4.4%, n = 10) and the standard GDC 
group (19.2 ± 6.2%, n = 10) at the post-treatment Day 14 
evaluation. One aneurysm was not treated and acted as a 
control (with follow-up monitoring to 60 days after construc- 
tion). The physical and performance characteristics of the 
modified GDCs were evaluated during the endovascular 
procedures. 

Diagnostic angiography was performed on Days 7, 14, 21, 
30, and 60 after coil placement, after which each animal was 
euthanized by using standard approved procedures. The par- 
ent arteries of specimens were cut lengthwise, and the aneu- 
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rvsmai on rice viewed from within the artery lumen) was 
ob-erwd macro*copicalIy. The largest dimensions of the ori- 
fice and the thick white fibrous membrane that covered the 
orifice were measured a> the fibrous membrane to orifice 
propumon \ind recorded a> fibrous membrane orifice * 
hn: . f ; ~i Th\< evaluation w t is conducted on specimens 
! 4 da v *» . i rtcr embolization m - If) for the standard group and 
n !u for the ion-implanted, protein -coated group (n - 2 
with vitronectin, n - 2 with lollagen, n - 2 with laminin, n - 
Z utth fibrinogen, n i with albumin, and n = 1 with 
ribronectin)). In this ^tudy. particular attention was paid to 
the extent of fibrous membrane coverage over the aneurysm 
onnce. as a measure of wound healing acceleration. Statistical 
analvsis of the fibrous membrane to orifice ratio was per- 
formed by using the Student t test (paired two-tail). Results 
were considered significant at P < 0.05 and are reported as the 
mean ~ standard deviation. Any coverage of the aneurysm 
neck bv a thinner dear membrane was also noted but was not 
included in the statistical evaluation. The treated aneurysm 
specimens were fixed with 2*% formaldehyde and embedded 
in plastic resin. Histological sections (20-30-^m thickness) 
through the exact midline of the aneurysm orifice (between 
each stay suture) were obtained by using a diamond knife and 
then stained with hematoxylin and eosin. 

RESULTS 

Assessment of acute thrombogenicity 

The average weights of thrombus accumulated on straight 
coils were 1.9 r 1.4 mg for standard coils, 8.0 - 5.5 mg for 
fibronectin-coated coils, 3.9 r 1 .6 mg for collagen-coated coils, 
and 2.3 r 1.4 mg for albumin-coated coils. Thrombus accu- 
mulated on fibronectin-coated, ion-implanted coils was sig- 
nificantly heavier than that on standard coils (P < 0.0001). The 
weight of thrombus on the albumin- and collagen-coated 

OF: Orifice 




FM (Fibrous membrane) = OF - ET 

FIGURE 5. Schematic diagram of the method used for evalu- 
ating wound healing at the neck of an aneurysm. The largest 
dimensions of the orifice (OF) of the aneurysm and the 
white fibrous membrane (FM) that covers the orifice were 
recorded. These were expressed as the fibrous membrane to 
orifice proportion (fibrous membrane/orifice x 100%). The 
fibrous membrane value was derived from the orifice value 
minus the value for the thin endothelial membrane over 
the aneurysm orifice or the uncovered residual aneurysm 
orifice (FT). 



coils did not differ significantly from' that on standard coils 
<P = 0.7720 for albumin; P = 0.1420 for collagen) (F/y. n). 
However, an intense blood cellular response (mostlv com- 
posed of platelets and red blood cells) was observed, bv 
^canning electron microscopy, on all modified coil surfaces 
except those coated with albumin (Fivf ~A). On the other 
hand, ribronectin- and collagen-coated, ion-implanted coils 
demonstrated a strong response. The nonthrombogenic albu- 
rn m-coa ted CDCs also showed direct cell adhesion on their 
surfaces, but this was the least intense. The standard coils 
demonstrated a different blood cellular response; a layer of 
protein and fibrin-like substance was deposited between the 
coil gaps, and blood eel? dhesion (mainly of leukocytes) was 
observed on the fibrin layer iF/tf. 7B). 

Physical and performance characteristics of 
modified GDCs 

After protein coating alone, the diameter of each GDC 
increased by **60 jum. When these GDCs were further im- 
planted with ions, their diameters were observed to decrease, 
compared with findings before ion implantation, resulting 
overall in coils with a minimal increase in diameter (^1-10 
/Lim), compared with standard GDCs (Fig. 3). This reduction in 
diameter after ion implantation is likely the result of the 
embedding of some of the protein coating within the platinum 
surface and the dislodging of some of the protein by the force 
of the impinging, high-intensity ion beam. 

The basic physical characteristics of GDCs, such as their 
softness, smoothness, and memory shape, were minimally 
affected by the ion implantation process. There was no unfa- 
vorable change in GDC performance (with respect to push- 
ability, softness, and memory shape) during in vivo delivery 
of the coils with standard microca meters. Coil detachment 
times were 87.5 i 60.6 seconds for standard GDCs and 95.3 ± 
58.4 seconds for ion-implanted GDCs (n = 20 for each group; 
P = 0.6888, Student t test, paired two-tail). No difference in 
average electric resistance was observed between normal 
GDCs (0.649 kfl), ion-implanted GDCs (0.641 kfi), and ion- 
implanted, fibronectin-coated GDCs (0.645 kft). 

Macroscopic and light-microscopic findings for 
treated aneurysms 

The macroscopic and microscopic findings for treated an- 
eurysms are summarized in Table 1. At Day 7 after emboliza- 



FIGURE 6. Evaluation of 
acute thrombogenicity of 
standard and ion- 
implanted, protein-coated 
GDCs by comparison of 
thrombus weights 
(mean ± standard 
deviation) after 1-hour 
placement in swine iliac 
arteries. FN, fibronectin 
7); AL, albumin (n = 7); 
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(n = 7); CO, collagen (n 
Std, standard (n = 13). 
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FIGURE 7. Scanning electron micrographs of the surfaces of 
an ion-implanted, collagen-coated platinum coil (original 
magnification, x200) (A) and a standard platinum coil (origi- 
nal magnification, x300) (0) after 1 hour in swine iliac 
arteries. Note the intensive blood cellular response on the 
ion-implanted, protein-coated platinum coil surface. 

tion, neither use or standard GDCs nor use of modified GDCs 
resulted in an endotheiium-like thin layer over aneurysm 
orifices. No clear difference in performance between standard 
and ion-implanted GDCs could be detected at this stage of 
folio w-up. In specimens examined 14 days after embolization, 
greater fibrous tissue coverage at the neck of the aneurysm 
was observed macroscopicaily (Fig. 8). The mean fibrous 
membrane to orifice proportion was 69.1 ± 10.7% for the 
ion-implanted GDC group and 45.6 ± 18.0% for the standard 
GDC group (P = 0.0035) (Fig. 9). Light microscopy showed 
that well-organized fibrous tissue bridged the aneurysmal 
neck when fibronectin-, vitronectin-, and laminin-coated 
GDCs were used, whereas only a fibrin-like thin layer covered 
the standard GDC surfaces {Fig. 10). At Day 21, the necks of 
aneurysms treated with either standard or coated GDCs were 
almost all completely covered with a thin membrane. Light 
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microscopy showed that red blood cells were still observed on 
standard GDCs and albumin-coated GDCs. At Day 30 of 
follow-up, the orifices of standard GDC- and ion-implanted 
GDC-treated aneurysms were completely covered with a 
thick fibrous membrane, and well-organized fibrous tissue 
rilled all of the aneurysms. Interestingly, the nontreated an- 
eurysm showed enlargement of its sac at day 7. However, 
it showed shrinkage and partial thrombosis of the sac at 
Dav 21; bv Dav bO, the nontreated aneurysm was completely 
thrombosed. 

DISCUSSION 

Recent advances in endovascular techniques have proved 
valuable in the treatment of cerebral saccular aneurysms. 
GDCs have contributed especially to improvements in the 
endovascular management of cerebral aneurysms. However, 
the size of an aneurysm neck has an important effect on the 
anatomic results of aneurysm obliteration. Zubiliaga et al. (44) 
reported that complete obliteration of aneurysms was 
achieved in 85% of small-necked aneurysms and 15% of wide- 
necked aneurysms. 

GDCs and surrounding thrombus within an aneurysm are 
continuously exposed to and interact with circulating blood at 
the neck of the aneurysm. Coil compaction resulting from the 
force of pulsatile arterial blood flow is one of the reasons for 
incomplete obliteration of aneurysms. When this occurs, there 
is a potential risk of aneurysm recanalization and (re)rupture. 
Re-endothelialization and the promotion of wound healing in 
the aneurysmal sac and across its neck are necessary for 
complete aneurysm cure. Despite the many advantages of 
GDCs in the treatment of aneurysms, several recent clinical 
and experimental reports have highlighted their potential 
limitations in achieving an anatomic cure for wide-necked 
lesions. Molyneux et al. (25) reported two human autopsy 
cases treated with GDCs for which the long-term (up to 6 mo) 
histological findings revealed unorganized thrombus in the 
aneurysms, with no evidence of endothelialization across the 
aneurysmal neck in either case. Mizoi et al. (24) reported the 
histological findings for a patient with an anterior communi- 
cating artery aneurysm that had been previously treated with 
GDCs, in whom the compaction of coils resulted in an aneu- 
rysm remnant that was subsequently (6 mo later) treated 
surgically. Histological examination of this resected aneurysm 
also revealed the presence of unorganized intra-aneurysmal 
thrombus that was exposed directly to the blood circulation 
without neointimal formation. Mawad et al. (22) reported a 
long- term GDC study with experimental canine aneurysms. 
Their results showed three of nine initially completely embo- 
lized aneurysms yielding to subsequent recanalization. Tenjin 
et al. (40) reported an experimental GDC study in monkey 
aneurysms. One of four of their cases at 14 days of follow-up 
showed an aneurysmal "shoulder," indicative of aneurysm 
recanalization. More recently, Spetzger et al. (35), by using 
experimental bifurcation aneurysms in rabbits, demonstrated 
the absence of organized thrombus and no neck endothelial- 
ization in treated aneurysms, even after follow-up periods of 
3 to 6 month. These results suggest that modification of GDC 
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TABLE 1. Summarv of Results or Coil Treatment or Swine Aneurysms- 1 



OAS 


Com 




Macroscopic Findings 


Microscopic Findings 


FUOF 
proportion 


i) 


>M new rci 
F ;hn )ntr*( tin 




\o membrane o\er onrice 
Nfj membrane o^er onrice 


RBC unorganized clot 
RBC, unorganized clot 


\\ 

U 


- 


sunikird 




Complete thrombosis, thin 
membrane ™~ 


RBC. fibroblasts, unorganized clot 


0 




Albumin 


\ 


Partial clot formation 


RBC. fibroblasts, unorganized clot 


0 




Fibronei f I ;i 




( omplete thrombosis, thin 
membrane — 


RBC. fibroblasts, fibrous tissue in the 
dome 


u 


1 4 


Sui ncKird 


! (1 
1 U 


Thin membrane coil 
partially exposed 


Fibrin-like thin layer on the coiis. partial 
unorganized clot 


1 « 




C- i ^ "\ r/"\ r"i t \r~ f ■ 

r 1 oronec II M 




i run memorane , 
smooth thick membrane 


nuruub idycr on uic v_utis, ufgdniztru 

fibrous tissue in the dome 


hd 




Vitronectin 




Thin membrane — thick 
membrane 


Fibrous layer on the coils, organized 
fibrous tissue in the dome 


t)D 




Laminin 




Thin membrane -!- — -•--»-, thick 
membrane 


Fibrous layer on the coils, organized 
fibrous tissue in the dome 


7 i 




Collagen 




Thin membrane H — , partially 
thick membrane 


Partial fibrous layer at the neck, organized 
fibrous tissue in the dome 






Albumin 




Thin membrane ++, coil 
partially exposed 


Fibrin-like thin layer at the neck, partial 
unorganized clot 


50 




Fibrinogen 




Thin membrane h , irregular 

thick membrane 


Well -organized fibrous tissue 


71 


2 1 


btandard 




Thin membrane thick 
membrane 


Fibrous layer at the neck, partial 
unorganized clot 


1 00 




Albumin 


1 


Thin membrane ■ 4 --t- J - + , thick 
riitrmordnt? 


Fibrous layer at the neck, partial 
unorganized clot 


oil 


30 


Standard 




Thick membrane over orifice 


Thick fibrous layer at the neck, organized 
clot 


100 




Albumin 




Thick membrane over orifice 


Thick fibrous layer at the neck, organized 
clot 


100 




Fibronectin 




Thick membrane over orifice 


Thick fibrous layer at the neck, organized 
fibrous tissue in the dome 


100 


60 


Standard 




Thick membrane over orifice 


Well -organized fibrous tissue in the 
aneurysm 


100 




No coil 




Thick membrane over orifice 


None 


100 



* S25% thin membrane coverage at the orifice; ++, between 26 and 50% thin membrane coverage at the orifice; + + +, between 51 and 75% thin 
membrane coverage at the orifice; complete thin membrane over the orifice; RBC, red blood cells; FM/OF, fibrous membrane/orifice. 



performance would be desirable to achieve earlier re-endo- 
thelialization and promotion of fibrosis of wide-necked or 
giant aneurysms than is currently possible. 

It is necessary to increase thrombogenicity in preparation 
for acceleration of wound healing. Coil thrombogenicity was 
enhanced previously by increasing the surface area of the coils 
with fabric strands, such as Dacron, and by placing such coils 
into a thrombin solution (23). More recently, some investiga- 
tors have modified the surfaces of platinum coils by coating 
them with collagen or polyurethane (1, 6, 20). This has re- 
sulted in some advantages, such as an increase in thrombo- 
genicity of these coils. However, protein coatings on platinum 
surfaces are usually weak and may be removed easily during 
the delivery of the coils. Additionally, weakly coated proteins 
may be washed off by high-velocity arterial flow and may be 
a potential source of distal thromboemboli. There is also the 
potential problem of increases in the diameters of these coils; 



polyurethane coatings in particular also have the disadvan- 
tage of producing unfavorable changes in GDC performance, 
affecting their softness, thinness, smoothness, and memory 
shape. 

Ion implantation 

Ion implantation itself does not provide a coating for coils. 
It is a surface modification process that uses the impingement 
of a high-energy ion beam onto the surface of coils to modify 
their surface properties. This technology has been used to 
improve the surface properties of metals, e.g., to increase the 
wear and corrosion resistance of surfaces of artificial hip joints 
(33). Recently, Suzuki et al. (36-38) applied this process to the 
modification of polymer surfaces to achieve blood compati- 
bility. There are many advantages to ion implantation, includ- 
ing the following: 1) it is a surface modification process that 
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FIGURE 9. Statistical analysis 
of fibrous membrane (FM) to 
orifice (OF) ratios for treated 
aneurysms at Day 14. Standard 
GDC group (n = 10), 45.6 ± 
18.0%; ion-implanted GDC 
group <n = 10), 69.1 ± 10.7% 
(P = 0.0035, paired two-tail 
test). 




FIGURE 10. Histopathological 
findings in the region of the 
aneurysm neck at Day 1 4 
after treatment, with 
standard GDCs (A, original 
magnification, x50; B, 
original magnification, 
x125) or vitronectin-coated, 
ion-implanted GDCs (C, original magnification, x100). Note 
the intensive fibrous response (arrows) with the ion- 
implanted, protein-coated GDCs. Only a thin fibrin layer 
[curved arrows) was observed at the aneurysm neck treated 
with the standard GDCs. 

enhances the biochemical properties of the substance that is 
treated; 2) it causes minimal changes in the diameter of the 
substance that is treated and covering proteins become em- 
bedded in the material surface, resulting in an overall increase 



FIGURE 8. Macroscopic appearances 
of aneurysm orifices 1 4 days after 
treatment, with standard GDCs {top 
left), vitronectin-coated, ion-implanted 
GDCs (top right), fibronectin-coated, 
ion-implanted GDCs (bottom left), and 
laminin-coated, ion-impianted GDCs 
{bottom right). 



in diameter of approximately 1 to 10 
/xm; 3) the basic physical properties and 
performance characteristics of the plat- 
inum coils are minimally affected; 4) it 
increases endothelial cell migration 
and proliferation on the modified sur- 
face; 5) it enhances cell adhesion onto 
surfaces by mixing effects on the cell- 
adhesive proteins; 6) it is a highly con- 
trollable and reproducible process that 
provides uniform impurity doping on 
substrate planes, accurate fluence, and 
well-controlled depth distribution within the substance un- 
dergoing ion implantation; and 7) there exist a large number of 
ion species to chose from in the targeting of material surfaces. In 
this study, we used a Ne* beam at a dose of 1 x 10 ions /cm 
and an energy of 150 keV. Determination of the optimal ion 
species and ion dose for implantation of platinum coils re- 
mains under investigation. 

Protein coatings of platinum coil surfaces 

To achieve strong cellular adhesion and to promote wound 
healing in aneurysms, we combined the process of ion im- 
plantation with various protein coatings on the surfaces of 
platinum coils. Fibronectin is a noncoUagenous extracellular 
matrix glycoprotein that promotes cell adhesion and migra- 
tion. Fibronectin plays an important role in tissue repair, 
showing molecular affinities for collagen, hyaluronic acid, 
and fibrin, which are major components of early wounds. It is 
a chemotactic glycoprotein for fibroblasts, smooth muscle 
cells, and endothelial cells (3, 10, 12, 17, 26). Type I collagen 
also promotes the migration of fibroblasts (10, 29, 30). Re- 
cently, Futami et al. (9) reported that Types I and IV collagen 
and fibronectin in the subendothelial space were deficient in 
hypertension-induced experimental aneurysms. Austin et al. 
(2) investigated the distribution of fibronectin and Type I 
collagen in human aneurysms and parent arteries and found 
that Type I collagen was restricted to the outer adventitial 
region, whereas fibronectin seemed to be limited to the medial 
layer surrounding smooth muscle cells. These studies suggest 
that fibronectin may play an important role in the natural 
repair mechanisms of aneurysms. Furthermore, some inves- 
tigators have reported that plasma fibronectin increases with 
age, and they have speculated that this increase might be a 
compensatory mechanism resulting from a decrease in the 
biological activity of fibronectin produced by older endothe- 
lial cells (19, 39). This suggests that appropriate replacement 
therapy (at least localized to the sites of aneurysms) of fi- 
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bronectin might be advantageous. Laminm and vitronectin 
also play important roles in cell attachment and wound heal- 
ing. \'itronectin promotes the attachment and spreading of a 
■A ide variety ot cell types (e.g., fibroblasts, endothelial cells, 
platelets, and carcinoma cells) (7, 2S). V itronectin attachment- 
promoting activities in plasma and serum prepared for cell 
culture are greater than those or fibronectin iI6. 41). Laminin 
is a major basement membrane component and binds cells, 
■*uch as smooth muscle cells* and endothelial cells, to their 
surrounding Type IV collagen (4. S, 42). It plays an important 
role in nerve growth and repair, and recently it has been 
implicated in tumor metastasis (4, 21, 43). During blood co- 
agulation and wound healing, fibrinogen polymerizes to form 
a fibrin matrix, providing a substratum over which connective 
tissue ceils migrate and proliferate. A recent study has shown 
that the constituent chains ot* fibrinogen not only provide this 
substratum but also promote fibroblast proliferation (11). All 
of these cell-adhesive proteins have common binding sites 
(the Arg-Gly-Asp sequence), which are recognized by recep- 
tors on various ceil types, including platelets, fibroblasts, and 
endothelial cells, and have the potential for various therapeu- 
tic applications (34). 

In this preliminary study, ion-implanted, protein-coated 
GDCs (except those coated with albumin) resulted in en- 
hanced acceleration of wound healing at the necks of aneu- 
rysms. We compared only ion-implanted, protein-coated 
GDCs and standard GDCs. It is unclear at this stage what the 
relative contributions of these two processes (ion implantation 
and protein coating of coils) might be in altering the surface 
properties of GDCs. The results of this preliminary feasibility 
study demonstrate that the combination of the two processes 
can change the behavior of coils when certain surface proteins 
are used. However, it remains to be determined in future 
studies how ion-implanted GDCs without protein coatings or 
protein-coated GDCs without implanted ions would behave 
under similar conditions in experimental aneurysms. The op- 
timal single coating (or best combination of these proteins) 
to achieve the most effective wound healing is also under 
investigation. 

Modified GDC performance 

The attractive features of GDCs, such as their softness, 
thinness, and fine memory shape, should be preserved, be- 
cause these properties are necessary for safe and effective 
aneurysm treatment. The modified GDCs in this study did not 
show unfavorable changes in these characteristics during the 
embolization procedure. 

Wound healing with use of modified GDCs 

Our study investigating acute thrombogenicity of modi- 
fied coils showed an intense blood cellular response on 
ion-implanted and protein-coated coil surfaces. Interest- 
ingly, although albumin is known to be a nonthrombogenic 
protein, the ion implantation process transformed the albu- 
min-coated surface to a thrombogenic one. Fibronectin- and 
collagen-coated coils demonstrated a strong cellular response 
when their surfaces underwent ion implantation. Under these 



circumstances, the resulting thrombus appeared firm and 
stable, which may help in reducing the potential tor distal 
thromboembolization. 

The acceleration of wound healing was observed in aneu- 
rysms after use of GDCs modified with fibronectin. vitronec- 
tin, or laminin. at Day 14 of follow-up. The histopa etiological 
differences in thrombus formation between modified GDCs 
and standard GDCs were not so obvious within the aneurys- 
mal sac: thrombus formation seemed to accelerate in the 
aneurysm sac after blood flow was reduced by embolization 
with either type of GDCs. On the other hand, thrombus 
formation was less pronounced in the region of the aneurysm 
neck, because of the constant exposure to high arterial blood 
flow. Given these hemodynamic conditions at the aneurysm 
neck, the standard platinum surface proved to be too smooth 
for cellular attachment, but the modified GDCs, especially those 
coated with vitronectin, fibronectin, or laminin, showed acceler- 
ation of wound healing. However, the optimal cell-adhesive 
protein for this purpose remains under investigation. 

With respect to the results of this preliminary study, it is 
unclear how similarly ernbolized human intracranial aneu- 
rysms would behave histopathologically if protein-coated, 
ion-implanted coils were positioned across their necks. It is 
known, at least, that the coagulation properties of swine blood 
are similar to those of human blood (27). However, it is 
acknowledged that the relatively early (after 14 days of treat- 
ment) assessment of the wound healing properties of modi- 
fied GDCs in young healthy laboratory swine (which may 
have an underlying strong natural tendency for wound heal- 
ing) represents a general limitation of this study. Moreover, 
the presence of natural wound healing at the surgical incision 
is acknowledged to be an additional factor that might have 
influenced our observations of neck coverage. This is further 
highlighted by the natural thrombosis and complete wound 
healing of the single aneurysm monitored for 60 days without 
embolization. 

Our eventual goal is to produce modified GDCs with which 
the basic GDC performance is unchanged but the additional 
benefit of strong promotion of endothelialization is observed. 
Importantly, the promotion of excessive thrombogenesis must 
be avoided. With ion implantation, the adhesion of platelets to 
surfaces begins after the use of an ion beam intensity of 1 x 
10 14 ions /cm 2 , whereas endothelial cell adhesion properties 
commence after use of an ion beam intensity of 1 x 10 15 
ions/ cm 2 (Y Suzuki, unpublished observations). Thus, achieve- 
ment of strong cell adhesion with a nonthrombogenic surface 
remains an important goal that is currentiy under investigation. 

CONCLUSION 

A preliminary feasibility study was conducted to evaluate 
the performance of ion-implanted, protein-coated GDCs in 
the treatment of experimental swine aneurysms. The blood 
cellular response was enhanced with these modified coils. 
However, a statistically significant increase in thrombus for- 
mation was achieved only for ion-implanted, fibronectin- 
coated coils. There were no unfavorable changes in the basic 
GDC physical and performance characteristics. Modified 
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GDO showed Mgmricant acceleration of wound healing at 
the necks of aneurysms. We think that imparting this type of 
modified -urtace to endovascuiar devices might lead to new 
possibilities in the treatment many cerebrov ascular dis- 
t'asov Further tin estimations will be necessary before clinical 
application 
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COMMENTS 

Murayama et al. present their preliminary results in swine 
model aneurysms treated with ion-implanted, protein-coated 
Guglielmi detachable coils (GDCs). The results described are 
very promising. Such developmental attempts may increase 
the effectiveness of GDC treatment, although, in our opinion, 
they do not represent an ultimate solution. 

The article concentrates on increased coil thrombogenibty. 
Although improved thrombogenicity is important, we con- 
sider hemodynamic changes in the aneurysm and around the 
aneurysmal orifice to be of greater importance for aneurysm 
obliteration. Even highly thrombogeruc coils cannot effect 
complete aneurysm occlusion if the packing, especially in the 
neck region, is insufficient, in our study with collagen-filled 
GDCs, packing density was the single determinant of aneu- 
rysm occlusion (2). Furthermore, improved acute thromboge- 
nicity may increase thromboembolic complications if some 
of the coil loops protrude toward the parent vessel lumen. 
Heparin can be administered prophylactically but with 
the sacrifice of any advantage gained by the improved 
thrombogenicity. 

We think that improved and, more importantly, safer 
thrombosis can be achieved by altering the hemodynamics 
near the aneurysm orifice to decrease or halt intra-aneurysmal 
flow. This flow modification could be achieved by the deploy- 
ment of well-designed stents or other devices that partially or 
fully cover the aneurysmal orifice. A combination of stent 
application and other intravascular methods could also be 
helpful. Current research efforts are focused on the develop- 
ment of intracranial devices for this purpose. 

The animal model used and the lack of nontreated control 
aneurysms are major limitations of this study. The authors 



claim that the coagulation properties of swine blood are sim- 
ilar to those of human blood and thus pigs are ideal subjects 
tor thrombogenicity studies. However, the authors measured 
the effectiveness or coil treatments as the absence or presence 
ot fibrous tissue coverage at the aneurysm orifice, which is 
related to wound healing rather than to coagulation. Only one 
nontreated aneurysm was used as a control lesion in the 
60-day post-treatment group, and no control lesions were 
included in the most important 14-day group. At 60 days, the 
control aneurysm was completely thrombosed, "with a thick 
membrane over the orifice" (Table 1). Vein-graft aneurysms in 
swine tend to occlude spontaneously (1). We now conduct our 
aneurysm research in a canine model, having produced more 
than 100 side- wall aneurysms on carotid arteries in dogs, with 
patencies of more than 90% after 3 months. In addition, we 
have maintained tour dogs with patent aneurysms in our 
laboratory since 1992, for a long-term follow-up study. 

Protein coating and ion implantation may considerably in- 
crease the price of the GDC system. Further investigation is 
necessary before this new technique is used in clinical practice. 

Laszld Miskoiczi 
L. Nelson Hopkins 

Buffalo, New York 



1. Chavis TD, Wakhloo AK, Szikora i, Standard 5C Guterman LR, 
Hopkins LN: Evaluation of experimental carotid lateral wall an- 
eurysm model in swine. Presented at the 32nd Annual Meeting of 
the American Society of Neuroradiology, Nashville. Tennessee. 
May 1994. 

2. Szikora I, Wakhloo AK, Guterman LR, Chavis TD, Dawson RC, 
Hergenrother RW. Twyfbrd RH. Hopkins LN: Initial experience 
with collagen-filled Guglielmi detachable coils for endovascular 
treatment of experimental aneurysms. Am J Neuroradiol (in 
press). 

This article gives a fascinating description of a modification 
of GDCs to increase their thrombogenicity. The use of GDCs 
in wide-necked aneurysms is imperfect because of the high 
frequency with which there is either growth of the neck of the 
aneurysm, migration of coils further into the dome of the 
aneurysm or clot (if that is present), or compaction of the coils. 
By increasing the thrombogenicity of the coils, the authors 
have been able to demonstrate in this animal model that there 
are changes in the way thrombus forms within the coil mass. 
Whether these changes will ultimately yield improved results 
is yet to be demonstrated. One of the major complications of 
treating wide-necked aneurysms is errant emboli forming at 
the base of the coils, breaking off, and entering distal normal 
blood vessels. Whether this type of coating will worsen those 
types of complications to a degree that negates the benefit of 
increased thrombogenicity remains to be seen. However, 
work like this is extremely interesting and should be pursued. 

Stanley L. Barnwell 

Portland, Oregon 

This important contribution attempts to evaluate the per- 
formance of modified GDCs for the treatment of experimental 
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aneurysms in swine. An additional goal of this study was to 
establish a way to increase the occlusion stabilitv or GDO 
treated human cerebral aneurysms. 

The experimental system to compare wound healing at the 
necks of aneurysms packed with modified GDCs and those 
packed with >tandard GDCs is reasonable, even if the assump- 
tion or "equal packing of different aneurysms with coils" is 
uncertain. For the purpose ot volume calculation and calculation 
of necessarv coil length, the authors assumed their experimental 
aneurysms to be spherical. Calculated equal packing would 
presuppose aneurysms equal in size and shape packed with coils 
equal in number and size; the amount of packing depends not 
oniv on the aneurysm volume but also on the choice of helix size 
and length. On the other hand, it can be assumed that the 
authors packed their small-neck aneurysms as shown in Figure 
4B, avoiding loosely packed zones in the neck area. 

The findings on wound healing at the neck level and the 
calculations of neck occlusion ratios are valid only for the type 
of experimental aneurysms presented in this study. The an- 
eurysms used here are lateral aneurysms only minimally ex- 
posed to the flow; only one aneurysm was left open as a 
control lesion, and this aneurysm thrombosed spontaneously 
after 60 days. The aneurysms were packed immediately after 
their surgical construction. The authors themselves state that 
"natural wound healing at the surgical incision" and the 
"strong natural tendency for wound healing" in swine repre- 
sent general limitations of this study. This is also illustrated by 
the observation that not only the aneurysms treated with 
modified coils but also those treated with standard coils 
showed excellent wound healing tendencies. After 21 days, 
the aneurysms treated with standard coils showed 100% heal- 
ing of their aneurysm necks. After 30 days, the "standard 
GDC" -treated aneurysms all showed thick and well-orga- 
nized fibrin tissue covering the neck orifice. 

This observation is certainly specific for these experimental 
aneurysms. It is known (and mentioned by the authors) that 
(even densely packed) human aneurysms treated with GDCs 
show, after some weeks or months, well-organized thrombus 
only rarely. They mostly contain nonorganized thrombus or 
only coils with nothing between them. There is no observation 
or report of any endothelialized layer or membrane covering 
the necks of human aneurysms. 

From the quick and effective wound healing of the experi- 
mental aneurysms treated with standard GDCs, one cannot 
draw any conclusions regarding potential behavior of the 
modified coils in human cerebral aneurysms. The coagulation 
properties of swine blood being similar to those of human 



blood cannot be taken as an argument. The experimental 
rabbit aneurysm model proposed bv Spetzger et al. (1) fulfills 
the criterion of hemodynamic exposure and has wound heal- 
ing properties more similar to those of human subjects. It 
would be interesting to obtain information about the differ- 
ences in wound healing with standard or modified GDCs in 
that aneurysm model. 

Nevertheless, this article deals with the important issue of 
improvement of endovascular tools for the treatment of cere- 
bral aneurysms. The value of standard GDCs for long-term 
stability of neck occlusion, especially in aneurysms with necks 
larger than 4 mm, is so questionable that efforts to improve 
occlusion stability must be greatiy appreciated. In this con- 
text, the authors are urged to continue their investigations to 
approach our common goal of improving endovascular tools 
for the treatment of cerebral aneurysms. 

Bert Richling 

Vienna, Austria 



1. Spetzger U, Reul J, Weis J, Bertaianffy H, Thron A, Gilsbach JM: 
Microsurgically produced bifurcation aneurysms in a rabbit model 
for endovasclar embolization. J Neurosurg 85:488-495, 1996. 

The report by Murayama et al. on ion implantation and 
protein coating of detachable coils for endovascular treatment 
of cerebral aneurysms is interesting. The obvious problem 
with any device deployed within an aneurysmal sac is control 
of the inflow zone. Increasing thrombogenicity might not 
solve that problem, although it might cause thrombosis 
within the fundus and the bulk of the aneurysmal complex. 
As the authors mention, increasing thrombogenicity undoubt- 
edly will increase problems with thromboembolic events, 
which were difficulties early in the experience with GDCs and 
which continue to be a serious concern. 

1 think it is important to recognize that, in their study and 
in similar studies, there was histological evidence of a fibrous 
membrane and scar tissue covering the neck of the aneurysm. 
I think implanting these devices with agents that promote a 
cellular response is ingenious and certainly deserves further 
attention. Clearly, with any endovascular device (whether a 
new type of coil or endoaneurysmal or endovascular stent- 
ing), control of the inflow zone is of paramount importance 
for mamtaining obliteration of the lesion. 

Robert H. Rosenwasser 

Philadelphia, Pennsylvania 
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We claim: 

1 . An apparatus for forming a thrombus comprising: 

a separable coil comprised at least in part of at least one biocompatible 
and absorbable polymer or protein; and 

a placement device associated with said separable coil adapted to 
dispose said coil into a selected body lumen. 

2. The apparatus of claim 1 wherein said coii further is 
comprised at least in part of a growth factor. 

3. The apparatus of claim 2 wherein said coil further is 
comprised at least in part of a vascular endothelial growth factor. 

4. The apparatus of claim 2 wherein said coil further is 
comprised at least in part of a basic fibroblast growth factor. 

5. The apparatus of claim 3 wherein said coil further is 
comprised at least in part of a mixture of said vascular endothelial growth factor 
and a basic fibroblast growth factor. 



6. The apparatus of claim 1 wherein said biocompatible and 
absorbable polymer is at least one polymer selected from the group consisting of 
polyglycolic acid, poly-glycolic acid/poly-L-lactic acid copolymers, 
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polycaprolactive, poiyhydroxybutyrate/hydroxyvalerate copolymers, poiy-L- 
iactide, polydioxanone, polycarbonates, and polyanhydrides. 

7. The apparatus of claim 1 wherein said biocompatible and 
absorbable protein is at least one protein selected from the group consisting of 
collagen, fibrinogen, fibronectin, vitronectin, laminin, and gelatin. 

8. The apparatus of claim 1 wherein said coil is composed of 
said biocompatible and absorbable polymer or protein, and wherein a radio- 
opaque material is disposed thereon. 

9. The apparatus of claim 1 wherein said coil composed of a 
radio-opaque material, and wherein said biocompatible and absorbable polymer 
or protein is disposed thereon. 

1 0. A method for forming a thrombus comprising: 
providing a separable coil comprised at least in part of at least one 

biocompatible and absorbable polymer or protein; and 
disposing said separable coil into a body lumen. 



1 1 . The method of claim 10 further providing said coil with a 

growth factor. 



WO 99/44538 



28 



PCT/US99/01790 



12. The method of claim 1 1 wherein providing said coii with a 
growth factor comprises providing said coii with a vascular endothelial growth 
factor. 

13. The method of claim 1 1 wherein providing said coil with a 
growth factor comprises providing said coil with a basic fibroblast growth factor. 

14. The method of claim 12 wherein providing said coil with a 
growth factor comprises providing said coil with a mixture of said vascular 
endothelial growth factor and a basic fibroblast growth factor. 

15. The method of claim 10 wherein providing said separable 
coil comprised with said biocompatible and absorbable polymer comprises 
providing said coil with at least one polymer selected from the group consisting of 
polyglycolic acid, poly-glycolic acid/poly-L-lactic acid copolymers, 
polycaprolactive, polyhydroxybutyrate/hydroxyvalerate copolymers, poly-L- 
lactide, polydioxanone, polycarbonates, and polyanhydrides. 

16. The method of claim 10 wherein providing said separable 
coil comprised with said biocompatible and absorbable protein comprising 
providing at least one protein selected from the group consisting of collagen, 
fibrinogen, fibronectin, vitronectin, laminin, and gelatin. 
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17. The method of claim 10 wherein providing said coil provides 
a coil composed of said biocompatible and absorbable polymer or protein with a 
radio-opaque material is disposed thereon. 

18. The method of claim 10 wherein providing said coil provides 
a coil composed of a radio-opaque material with said biocompatible and 
absorbable polymer or protein is disposed thereon. 



INTERNATIONAL SEARCH REPORT 



international application No. 
PCT/US99/01790 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(6) : A61F 2/06 
US CL : 623/1 

According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 428/410; 514/44; 606/198 ; 623/1 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 5 * 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 



Y,P 



US 5,549,624 A (MIRIGIAN et al) 27 August 1996, coi. 2, lines 17- 
50. 

US 5,830,879 A (ISNER) 03 November 1998, col. 2, lines 29-36. 



1, 10 

2-9, 11-18 



| | Further documents are listed in the continuation of Box C. f | See patent family annex. 



-L" 



Special categories of cited documents: 

document defining the general state of the art which is not considered 
to be of particular relevance 

earlier document published on or after the international filing date 

document which may throw doubts on priority claim(s) or which is 
cited to establish the publication date of another citation or other 
special reason (as specified) 

document referring to an oral disclosure, use, exhibition or other 
means 

document published prior to the international filing date but later than 
the priority date claimed 



later document pubhshed after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 

document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

document of particular relevance, the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 



29 JUNE 1999 



Date of mailing of the international search report 



2 8^HJL 1999 



Name and mailing address of the ISA/ US 

Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 305-3230 



Authorized officer 

' - . . / 
MATTHEW KISER 

Telephone No. (703) 308-5512 



Form PCT/ISA/210 (second sheet)(July 1992) : 



